Introduction
============

Stem cell therapy has been considered a potential regenerative strategy for the treatment of various diseases, including diabetes, Parkinson\'s disease, cancer and other chronic long-standing conditions ([@b1-ijmm-41-03-1385],[@b2-ijmm-41-03-1385]). At present, various cell types have been used in stem cell therapy, including embryonic stem cells, induced pluripotent stem cells, hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) ([@b3-ijmm-41-03-1385]--[@b6-ijmm-41-03-1385]). Besides the application of HSCs for the treatment of blood diseases, the majority of studies regarding stem cell therapy have focused on MSCs. MSCs are adult stem cells that can be isolated form bone marrow, adipose tissue, umbilical cord, heart tissue and skin ([@b7-ijmm-41-03-1385],[@b8-ijmm-41-03-1385]). MSCs possess not only the ability to differentiate into numerous mesenchymal lineages ([@b9-ijmm-41-03-1385],[@b10-ijmm-41-03-1385]), but may also regulate the immune response and repair injured tissues without ethical concerns ([@b11-ijmm-41-03-1385]).

Compared with other sources of MSCs, adipose-derived stem cells (ADSCs) are abundant and easier to obtain. Furthermore, ADSCs have been reported to lack major histocompatibility complex-II expression, and are more potent than bone marrow-derived stem cells (BMSCs) in suppressing dendritic cell differentiation ([@b12-ijmm-41-03-1385],[@b13-ijmm-41-03-1385]). These findings suggested that ADSCs possess better immunoregulatory abilities compared with BMSCs. ADSCs-based therapy has been clinically used to treat perianal fistula ([@b14-ijmm-41-03-1385]--[@b18-ijmm-41-03-1385]), postoperative enterocutaneous fistula ([@b19-ijmm-41-03-1385]), osteoarthritis ([@b20-ijmm-41-03-1385]), acute ischemic stroke ([@b21-ijmm-41-03-1385]) and idiopathic pulmonary fibrosis ([@b22-ijmm-41-03-1385]). Furthermore, ADSCs-based therapy may be used to treat cardiovascular disease, liver disease and neurological disorders in preclinical trails ([@b23-ijmm-41-03-1385]--[@b25-ijmm-41-03-1385]).

Although ADSCs-based therapy has been widely used for several diseases in preclinical and clinical investigations, the long-term safety, particularly tumorigenicity, is a major barrier for clinical translation of ADSCs-based therapy. Therefore, the association between ADSCs and cancer has attracted extensive interest in stem cell therapy. Numerous studies have indicated that ADSCs may promote tumor progression. For example, Chu *et al* reported that ADSCs could promote epithelial ovarian cancer growth and metastasis ([@b26-ijmm-41-03-1385]). Muehlberg *et al* revealed that ADSCs promoted breast cancer growth and metastasis ([@b27-ijmm-41-03-1385]). Conversely, other studies have suggested that ADSCs may suppress bladder tumor growth and inhibit breast cancer metastasis ([@b28-ijmm-41-03-1385],[@b29-ijmm-41-03-1385]). Therefore, the tumorigenicity of ADSCs remains controversial.

It is widely recognized that various cytokines and chemokines that are secreted from ADSCs may affect the proliferation of tumor cells. However, the levels of cytokines and chemokines secreted from ADSCs are closely associated with culture conditions ([@b30-ijmm-41-03-1385],[@b31-ijmm-41-03-1385]). For example, Bhang *et al* demonstrated that ADSCs cultured under three-dimensional (3D) culture conditions could produce higher concentrations of angiogenic and/or anti-apoptotic factors, including vascular endothelial growth factor, fibroblast growth factor-2, hepatocyte growth factor and C-X-C motif chemokine ligand 12 compared with cells cultured under two-dimensional (2D) conditions ([@b32-ijmm-41-03-1385]). In addition, Yang *et al* demonstrated that the 3D culture method could enhance the activity of ADSCs and increase the autophagic response upon hydrogen peroxide (H~2~O~2~) treatment compared with the 2D culture method ([@b33-ijmm-41-03-1385]). Tian *et al* revealed that human MSCs inhibited proliferation of cancer cells *in vitro*, whereas they enhanced tumor formation and growth *in vivo* ([@b34-ijmm-41-03-1385]), thus indicating the dual effects of MSCs on the same tumor. Therefore, whether ADSCs serve a protumorigenic or anti-tumorigenic role in tumor growth depends on the *in vivo* or *in vitro* growing conditions of ADSCs. Using an appropriate culture method, which closely mimics *in vivo* conditions, may be of great benefit to illustrate the association between cancer and ADSCs. In order to better understand how ADSCs affect tumors, the present study used different culture methods, including 2D culture method, sphere culture method and AlgiMatrix™ 3D culture method, to investigate whether cultured ADSCs may promote or inhibit the growth of liver cancer cells, and to explore the underlying mechanisms.

Materials and methods
=====================

Animals and ethics approval
---------------------------

A total of 5 adult male Sprague-Dawley (SD) rats (weight, 180--200 g; age, 7--8 week old) were obtained from the Center for Animal Experiments of Fujian Medical University (Fuzhou, China; license no. SCXKmin2012-0002). The rats were housed at a constant temperature (22±2°C), with 60% relative humidity, under a 12-h light/dark cycle. The rats had *ad libitum* access to food and autoclaved water. The present study was approved by the Animal Ethics Committee of Fuzhou General Hospital (Fuzhou, China).

Cell culture
------------

Rat ADSCs were derived from subcutaneous adipose tissues according to the protocol described in our previous study ([@b35-ijmm-41-03-1385]). Briefly, following anesthetization of the male SD rats (n=5) using pentobarbital sodium (40 mg/kg; Merck & Co., Inc., Whitehouse Station, NJ, USA), adipose tissues (\~3×1.5×0.5 cm) were scraped from the subcutaneous inguinal region, cut into small pieces (\~0.1×0.1×0.1 mm), and digested with 0.1% type I collagenase (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37°C for 60 min with gentle agitation. Subsequently, the digested tissue was filtered through a 100-*μ*m cell strainer, centrifuged at 400 × g for 5 min and washed twice with PBS (HyClone; GE Healthcare Life Sciences, Logan, UT, USA). The cell pellet was then suspended in expanding medium comprising α-modified Eagle\'s medium (α-MEM; HyClone; GE Healthcare Life Sciences) supplemented with 20% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 *μ*g/ml) (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The cell suspension was transferred into a 6-well plate (Corning Inc., Corning, NY, USA) at a density of 1×10^6^/ml and was incubated at 37°C in an atmosphere containing 5% CO~2~. After 24 h, the adherent cells were further expanded in complete medium comprising α-MEM, 10% FBS, 100 U/ml penicillin and 100 *μ*g/ml streptomycin. ADSCs from passage 3 or 4 were used in the present study. Liver cancer cell lines, including the Hcclm3 human hepatocellular carcinoma (HCC) cell line and the HepG2 human hepatoblastoma cell line ([@b36-ijmm-41-03-1385]), were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and were cultured in complete medium comprising Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 100 U/ml penicillin and 100 *μ*g/ml streptomycin. All cells were incubated in a humidified atmosphere containing 5% CO~2~ at 37°C.

Preparation of ADSCs-conditioned medium (CM)
--------------------------------------------

To collect the 2D-ADSCs-CM, sphere-ADSCs-CM and 3D-ADSCs-CM, rat ADSCs were seeded at a density of 2×10^5^ cells/well into conventional 6-well plates, 6-well non-adherent plates (Corning, Inc.) and AlgiMatrix™ 3D culture system 6-well plates (Gibco; Thermo Fisher Scientific, Inc.), respectively. The cells were cultured with StemPro^®^ MSC SFM CTS™ medium (MSC medium; Gibco; Thermo Fisher Scientific, Inc.). All cells were incubated in a humidified atmosphere containing 5% CO~2~ at 37°C. After 48 h, the medium was collected, filtered through a 0.22 *μ*m filter and stored at −80°C.

Cell viability assay
--------------------

In order to observe the effects of ADSCs on tumor cell proliferation, Hcclm3 and HepG2 cells were cultured in 96-well plates at a density of 5×10^3^ cells/well with 150 *μ*l complete medium, at 37̊C in an atmosphere containing 5% CO~2~ for 24 h. Subsequently, the cell culture medium of each well was replaced with 100 *μ*l ADSC-CM (5×10^4^ ADSCs/ml MSC medium); cells incubated with 100 *μ*l MSC medium were used as the negative control. Following a 48 h incubation at 37°C, cell viability was determined using the Cell Counting kit-8 (CCK-8) cell proliferation kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) according to the manufacturer\'s protocol. A microplate reader (SpectraMax M5; Molecular Devices, LLC, Sunnyvale, CA, USA) was used to measure the absorbance of the solution in each well at 450 nm. All experiments were performed in triplicate.

Cell apoptosis assay
--------------------

Flow cytometry was used to assess cell apoptosis. Briefly, Hcclm3 and HepG2 cells were cultured in 6-well plates at a density of 1×10^5^ cells/well for 24 h. Subsequently, the culture medium was discarded and replaced with 2 ml ADSC-CM (5×10^4^ ADSCs/ml MSC medium); cells incubated with 2 ml MSC medium were used as the negative control. After 48 h, tumor cells from all groups were further incubated with 1% H~2~O~2~ for 10 min at room temperature, in order to induce cell apoptosis of some tumor cells. Tumor cells were then collected and cell apoptosis was analyzed using the Annexin V-fluorescein isothiocyanate apoptosis assay kit (Dojindo Molecular Technologies, Inc.) according to the manufacturer\'s protocol. Finally, the labeled cells were assessed using a FACSVerse flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), and all raw data were analyzed with ModFit LT v2.0 software (Verity Software House, Inc., Topsham, ME, USA). All experiments were performed in triplicate.

Scratch wound healing assay
---------------------------

Hcclm3 and HepG2 cells (1.5×10^5^ cells/well) were seeded into 24-well plates and allowed to adhere overnight. After reaching 80--90% confluence, a \'reference line\' was scratched at the bottom of the plate using a sterile 10 *μ*l pipette tip. Subsequently, cells were washed three times with PBS, and were further incubated with 1 ml ADSC-CM (1.5×10^5^ ADSCs/ml MSC medium) to observe the migration of liver cancer cells into the cell-free area. Photomicrographs of cells migrating across the \'reference line\' were captured from different fields following each treatment at 0 and 48 h with an inverted microscope (Zeiss GmbH, Jena, Germany).

Cell adhesion assay
-------------------

To observe the effects of ADSCs on liver cancer cell adhesion, 96-well microplates were pretreated with 50 *μ*l fibronectin (20 *μ*g/ml; BD Biosciences). Liver cancer cells (4×10^3^ cells/well) were susp ended in 100 *μ*l ADSCs-CM (4×10^4^ ADSCs/ml MSC medium) and were added to the pretreated 96-well plates. At the indicated time-point, the attached cells were fixed in absolute methanol and stained with 10% crystal violet at room temperature for 30 min. Subsequently, the cells were washed with PBS and images were captured using an inverted microscope (Zeiss GmbH). To further quantify the adhesive capabilities of the cells, crystal violet-stained cells were treated with 33% acetic acid (150 *μ*l/well) in PBS for 5 min at room temperature. A microplate reader (SpectraMax M5; Molecular Devices, LLC) was used to measure the absorbance of the solution in each well at 570 nm. All experiments were performed in triplicate.

Cell migration and invasion assays
----------------------------------

A cell migration assay was conducted using Transwell units (no. 3422; Corning Inc.) and cell invasion was assessed using Matrigel^®^-coated Transwell units (no. 354480; BD Biosciences) on a 24-well plate. For tumor cell migration and invasion assays, 1×10^5^ liver cancer cells were cultured in the upper compartment of the Transwell units with 200 *μ*l ADSCs-CM (5×10^5^ ADSCs/ml MSC medium), whereas the lower compartment of the units was filled with DMEM supplemented with 10% FBS. After 48 h, the filters were fixed with 4% paraformaldehyde at room temperature for 20 min and stained with 10% crystal violet at room temperature for 30 min. Cells on the upper surface of the Transwell units were removed using a cotton swab, and cells that had passed through the lower surface of the filter were counted under an inverted microscope (Zeiss GmbH) in five different fields at a magnification of ×200.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
-------------------------------------------------------------------------------

Following incubation with ADSCs-CM for 48 h, total RNA was isolated from liver cancer cells using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Subsequently, mRNA was reverse transcribed to cDNA using a Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer\'s protocol. qPCR analysis was performed using the ABI StepOnePlus Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with q-PCR Master Mix (Toyobo Life Science, Osaka, Japan). Cycling conditions were as follows: initial denaturation at 95°C for 2 min; 40 cycles at 95°C for 15 sec, 60°C for 30 sec and 70°C for 30 sec. The PCR primer sequences were as follows: E-cadherin, forward CGAGAGCTACACGTTCACGG, reverse GGGTGTCGAGGGAAAAATAGG; N-cadherin, forward AGCCAACCTTAACTGAGGAGT, reverse GGCAAGTTGATTGGAGGGATG; vimentin, forward GACGCCATCAACACCGAGTT, reverse CTTTGTCGTTGGTTAGCTGGT; zinc finger E-box-binding homeobox 1 (Zeb1), forward CTACAACAACAAGACACTGCTGT, reverse TGTTCTTTCAGAGAGGTAAAGCG; and β-actin, forward ATAGCACAGCCTGGATAGCAACGT AC and reverse CACCTTCTACAATGAGCTGCGTGTG. Target gene expression was normalized to that of β-actin. Relative gene expression was calculated using the 2^−ΔΔCq^ method ([@b37-ijmm-41-03-1385]). Experiments were independently repeated three times.

Western blotting
----------------

After incubating with ADSCs-CM for 48 h, liver cancer cells were lysed in ice-cold radioimmunoprecipitation assay buffer \[0.5 M Tris-HCl (pH 7.4), 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40 and 10 mM EDTA\] with protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). Protein quantification was performed by bicinchoninic acid assay, and equal amounts of protein lysate (40 *μ*g) were separated by 12% SDS-PAGE. Proteins were then transferred to nitrocellulose membranes in transfer buffer \[12 mM Tris base, 96 mM glycine (pH 8.3) and 15% methanol\]. Subsequently, the membranes were blocked at room temperature for 2 h in Tris-buffered saline containing 0.1% Tween (TBST) containing 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA), and were probed with E-cadherin (3195), vimentin (5741), N-cadherin (13116) and Zeb1 (3396) antibodies (1:500 dilution; all from Cell Signaling Technology, Inc., Danvers, MA, USA) and β-actin antibody (1:5,000 dilution; Beijing TransGen Biotech Co., Ltd., Beijing, China) overnight at 4°C. The membranes were washed three times with TBST, and were then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (1:8,000 dilution; sc-2004; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at room temperature. Finally, the protein expression levels were detected by enhanced chemiluminescence using supersignal west pico chemiluminescent substrate (Pierce; Thermo Fisher Scientific, Inc.) and visualized by autoradiography using Image Lab™ 4.1 software (Bio-Rad, Hercules, CA, USA).

Statistical analysis
--------------------

All quantitative data are expressed as the means ± standard deviation. All statistical analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Multiple comparisons were analyzed by one-way analysis of variance, followed by LSD multiple comparison test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

ADSCs-CM inhibits proliferation of liver cancer cells
-----------------------------------------------------

To investigate whether ADSCs affect the proliferation of tumor cells, HepG2 and Hcclm3 cells were cultured with three various types of ADSCs-CM: 2D-ADSCs-CM, sphere-ADSCs-CM and 3D-ADSCs-CM for 48 h. Cell proliferation of treated tumor cells was then evaluated using the CCK-8 assay. The results indicated that the proliferation of Hcclm3 cells was inhibited following culture with 2D-ADSCs-CM, sphere-ADSCs-CM and 3D-ADSCs-CM ([Fig. 1A](#f1-ijmm-41-03-1385){ref-type="fig"}); however, despite a slight decrease after culturing with 2D-ADSCs-CM or sphere-ADSCs-CM, the proliferation of HepG2 cells was only significantly inhibited when cultured with 3D-ADSCs-CM ([Fig. 1B](#f1-ijmm-41-03-1385){ref-type="fig"}). In addition, the proliferation of liver cancer cells was more markedly reduced after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM or 2D-ADSCs-CM; however, there was no significant difference detected in cell proliferation among the three groups cultured with various types of ADSCs-CM ([Fig. 1](#f1-ijmm-41-03-1385){ref-type="fig"}). These results suggested that ADSCs-CM, particularly 3D-ADSCs-CM, could significantly inhibit liver cancer cell proliferation, and the 3D culture method could partly accelerate the inhibitory effects of ADSCs on liver cancer cell proliferation.

ADSCs-CM promotes apoptosis of liver cancer cells
-------------------------------------------------

In order to evaluate the effects of ADSCs on the apoptosis of Hcclm3 and HepG2 cells, the apoptotic rate of tumor cells was determined following treatment with ADSCs-CM by flow cytometry. Compared with the control liver cancer cells, the proportion of apoptotic liver cancer cells was increased after culturing with ADSCs-CM ([Fig. 2A and B](#f2-ijmm-41-03-1385){ref-type="fig"}). To further determine the apoptotic rate of liver cancer cells, data were quantified by analyzing the percentage of Annexin V-positive cells. According to these results, the liver cancer cell apoptotic rate was significantly increased after culturing with ADSCs-CM compared with the control group. In addition, the highest cell apoptotic rate was observed in liver cancer cells treated with sphere-ADSCs-CM or 3D-ADSCs-CM compared with those treated with 2D-ADSCs-CM ([Fig. 2C and D](#f2-ijmm-41-03-1385){ref-type="fig"}). These results clearly indicated that ADSCs-CM may significantly promote the apoptosis of liver cancer cells, and apoptosis of liver cancer cells could be enhanced by culturing with sphere-ADSCs-CM or 3D-ADSCs-CM. In addition, the present data demonstrated that more significantly increased apoptosis of liver cancer cells could be achieved after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM in HepG2 cells ([Fig. 2C and D](#f2-ijmm-41-03-1385){ref-type="fig"}). These findings suggested that the 3D culture method may result in the enhancement of ADSCs-induced HepG2 cell apoptosis.

ADSCs-CM inhibits motility and adhesive capacity of liver cancer cells
----------------------------------------------------------------------

The present study used the wound healing assay to evaluate motility of tumor cells after culturing with ADSCs-CM. Compared with the control liver cancer cells, motility of liver cancer cells was reduced after culturing with ADSCs-CM ([Fig. 3A and B](#f3-ijmm-41-03-1385){ref-type="fig"}). To further determine liver cancer cell motility, the distance of cell motility was quantified. As shown in [Fig. 3C and D](#f3-ijmm-41-03-1385){ref-type="fig"}, it was confirmed that liver cancer cell motility was decreased after culturing with ADSCs-CM; in particular, liver cancer cells exhibited the lowest cell motility after culturing with 3D-ADSCs-CM compared with 2D-ADSCs-CM or sphere-ADSCs-CM. However, when liver cancer cells were cultured with sphere-ADSCs-CM, there was no significant difference compared with those cultured with 2D-ADSCs-CM. On the basis of these results, the present study suggested that ADSCs-CM may significantly inhibit liver cancer cell motility, and the 3D culture method could accelerate the inhibitory effects of ADSCs on liver cancer cell motility.

Due to the inhibitory effects of ADSCs on liver cancer cell motility, the present study further evaluated the effects of ADSCs on the adhesive capacity of liver cancer cells. Hcclm3 and HepG2 cells were cultured with ADSCs-CM in fibro nectincoated plates for 20, 40 and 60 min; adhesive cells were examined by crystal violet staining. Although no significant difference was observed between the control and ADSCs-CM-treated liver cancer cells after 20 or 40 min (data not shown), the number of adhesive cells was decreased following incubation with ADSCs-CM for 60 min compared with the control liver cancer cells ([Fig. 3E--G](#f3-ijmm-41-03-1385){ref-type="fig"}). In addition, a more obvious inhibition of liver cancer cell adhesion was detected after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM or 2D-ADSCs-CM; however, no significant difference was detected among the three ADSCs-CM groups. These data indicated that ADSCs could inhibit liver cancer cell adhesion, and the 3D culture method could partly enhance the inhibitory effects of ADSCs on liver cancer cell adhesion.

ADSCs-CM suppresses migration and invasion of liver cancer cells
----------------------------------------------------------------

To confirm the effects of ADSCs on migration of tumor cells, liver cancer cells were cultured with ADSCs-CM in Transwell units for 48 h; the liver cancer cells that penetrated the membrane were examined by crystal violet staining. The results indicated that the number of liver cancer cells that migrated across the membrane was significantly decreased after culturing with ADSCs-CM compared with the control liver cancer cells ([Fig. 4A--C](#f4-ijmm-41-03-1385){ref-type="fig"}), thus indicating that ADSCs may suppress migration of liver cancer cells. The present results also demonstrated that liver cancer cell migration was more significantly decreased after culturing with 3D-ADSCs-CM or sphere-ADSCs-CM compared with 2D-ADSCs-CM; in addition, the lowest rate of liver cancer cell migration was observed after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM ([Fig. 4B and C](#f4-ijmm-41-03-1385){ref-type="fig"}). These results indicated that the sphere or 3D culture methods may enhance the inhibitory effects of ADSCs on liver cancer cell migration, and the 3D culture method is considered the best candidate to enhance the suppressive effects of ADSCs on liver cancer cell migration.

Based on the observation that ASDCs-CM may suppress liver cancer cell migration, the present study aimed to determine whether ADSCs-CM could affect the invasion of liver cancer cells. Hcclm3 and HepG2 cells were cultured with ADSCs-CM in Matrigel^®^-coated Transwell units for 48 h, and liver cancer cells that penetrated the membrane were examined by crystal violet staining. Comp ared with the control liver cancer cells, cell invasion was significantly inhibited after culturing with ADSCs-CM ([Fig. 4D--F](#f4-ijmm-41-03-1385){ref-type="fig"}), thus suggesting that ADSCs may suppress the invasion of liver cancer cells. In addition, the present results indicated that the lowest rate of liver cancer cell invasion could be achieved after culturing with 3D-ADSCs-CM compared with 2D-ADSCs-CM. Furthermore, although the difference was not statistically significant, a slight decrease in liver cancer cell invasion could be observed after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM. Liver cancer cell invasion was also not significantly decreased after culturing with sphere-ADSCs-CM compared with 2D-ADSCs-CM ([Fig. 4D--F](#f4-ijmm-41-03-1385){ref-type="fig"}). Therefore, these results suggested that the inhibitory effects of ADSCs on liver cancer cell invasion could be enhanced by the 3D or sphere culture method, but not by the sphere culture method.

ADSCs-CM suppresses epithelial-mesenchymal transition (EMT) in liver cancer cells
---------------------------------------------------------------------------------

In order to further explore the underlying mechanisms by which ADSCs inhibit the migration and invasion of liver cancer cells, the present study investigated whether ADSCs-CM had an effect on EMT of liver cancer cells, since EMT serves an important role in the progression of cancer invasion and metastasis ([@b38-ijmm-41-03-1385]). Hcclm3 and HepG2 cells were harvested after culturing with ADSCs-CM for 48 h, and EMT markers were examined by RT-qPCR analysis. As shown in [Fig. 5](#f5-ijmm-41-03-1385){ref-type="fig"}, ADSCs-CM significantly increased the mRNA expression levels of E-cadherin, and downregulated the mRNA expression levels of N-cadherin, vimentin and Zeb1 in Hcclm3 and HepG2 cells, thus indicating that ADSCs-CM could inhibit liver cancer cell migration and invasion by downregulating EMT at the transcriptional level.

The present results also indicated that increased expression of E-cadherin mRNA (in HepG2 cells), and reduced mRNA expression of N-cadherin (in Hcclm3 cells) and Zeb1 (in Hcclm3 and HepG2 cells), was observed after culturing with sphere-ADSCs-CM or 3D-ADSCs-CM compared with 2D-ADSCs-CM; the E-cadherin mRNA level was also significantly increased in HepG2 cells after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM. In addition, vimentin mRNA expr ession (in HepG2 cells) was significantly lower after culturing with 3D-ADSCs-CM compared with 2D-ADSCs-CM or sphere-ADSCs-CM. Reduced mRNA expression of N-cadherin (in HepG2 cells) and Zeb1 (in Hcclm3 cells) was observed after culturing with 3D-ADSCs-CM compared with sphere-ADSCs-CM; however, the mRNA expression levels of the other EMT markers were not significantly different among the cells cultured with the various types of ADSCs-CM ([Fig. 5](#f5-ijmm-41-03-1385){ref-type="fig"}). On the basis of these results, it may be suggested that the sphere or 3D culture methods partly enhance the effects of ADSCs on down-regulation of the mRNA expression of EMT markers in liver cancer cells. The 3D culture method may be more effective at enhancing the suppressive effects of ADSCs on the mRNA expression levels of EMT markers in liver cancer cells.

To further confirm the effects of ADSCs on translational regulation of EMT, western blotting was used to evaluate the protein expression levels of ETM markers in liver cancer cells. In accordance with the results of RT-qPCR, ADSCs-CM significantly increased E-cadherin protein expression, and decreased the protein expression levels of N-cadherin, vimentin and Zeb1 in liver cancer cells ([Fig. 6](#f6-ijmm-41-03-1385){ref-type="fig"}), which further confirmed the downregulation of EMT in liver cancer cells after culturing with ADSCs-CM.

The results of western blotting indicated that sphere-ADSCs-CM could enhance the downregulation of Zeb1 expression in HepG2 cells compared with 2D-ADSCs-CM; in addition, 3D-ADSCs-CM could further enhance the downregulation of N-cadherin (in Hcclm3 cells), vimentin (in HepG2 cells) and Zeb1 (in Hcclm3 cells) compared with 2D-ADSCs-CM or sphere-ADSCs-CM. However, the expression of other EMT markers was not significantly different among cells cultured with various types of ADSCs-CM ([Fig. 6B--E](#f6-ijmm-41-03-1385){ref-type="fig"}). Therefore, these data confirmed that the sphere or 3D culture methods could partly enhance the effects of ADSCs on downregulation of EMT in liver cancer cells, and the 3D culture method may be more effective at enhancing the suppressive effects of ADSCs on EMT in liver cancer cells.

Discussion
==========

Autologous MSCs represent an attractive source for cell-based regenerative medicine, since these cells are present in peripheral blood, bone marrow and nearly all adult tissues or organs, including adipose tissue, dermis, muscle, liver, spleen and lung ([@b39-ijmm-41-03-1385]). In particular, ADSCs have been suggested as a novel promising strategy for the treatment of various major diseases, including cardiovascular diseases, liver diseases and cerebral diseases, due to their many advantages, such as increased abundance and easy acquisition compared with other types of MSC ([@b23-ijmm-41-03-1385]--[@b25-ijmm-41-03-1385],[@b40-ijmm-41-03-1385]). However, the clinical application of ADSCs-based therapy has yet to be implemented, due to numerous aspects. Firstly, the quality control of ADSCs preparation should be confirmed, since various methods of cell isolation and preparation may lead to the transplantation of subtly different cell populations ([@b41-ijmm-41-03-1385]). Secondly, the clinical use of ADSCs may be hampered by the lack of understanding of cell behavior following transplantation and the mechanisms by which ADSCs provide therapeutic effects ([@b41-ijmm-41-03-1385],[@b42-ijmm-41-03-1385]). Notably, there remain several risks, including adverse events, ectopic tissue formation and *in vivo* tumorigenic safety after cell transplantation ([@b43-ijmm-41-03-1385]). Among these barriers to the clinical application of ADSCs, safety is the prerequisite for ADSCs-based therapy; therefore, the safety of ADSCs has attracted a great deal of interest in cell-based regenerative medicine.

Although it has been clinically proven that autologous ADSCs exhibit short-lived safety for patients ([@b44-ijmm-41-03-1385],[@b45-ijmm-41-03-1385]), the long-term safety, particularly tumorigenic safety, remains controversial. It has previously been reported that ADSCs may promote tumor growth due to properties of regeneration and vascularization, which are closely associated with tumor initiation and metastasis ([@b46-ijmm-41-03-1385]); however, other studies indicated that ADSCs may inhibit tumor progression, due to their attributes, including tumor-homing instinct, immunological characterization, and their capacity for self-renewal and potential for differentiation ([@b28-ijmm-41-03-1385],[@b29-ijmm-41-03-1385]). It is generally accepted that molecules secreted from ADSCs may influence the effects of ADSCs on tumor growth. Therefore, the culture conditions of ADSCs may have an important role in determining the association between ADSCs and tumor cells, since various culture conditions could affect the secretion of molecules from ADSCs ([@b32-ijmm-41-03-1385],[@b33-ijmm-41-03-1385]). Notably, Tian *et al* reported that human MSCs may inhibit proliferation of cancer cells *in vitro* and enhance tumor growth *in vivo* ([@b34-ijmm-41-03-1385]), thus suggesting that MSCs exert a dual effect on the same tumor under various growing conditions. Therefore, the present study used various culture methods, including 2D culture, sphere culture and AlgiMatrix™ 3D culture, to determine the effects of ADSCs on liver cancer cell growth. The results indicated that ADSCs-CM could inhibit the cell proliferation, motility and adhesive capacity, as well as migration and invasion of liver cancer cells, and could also promote apoptosis of liver cancer cells, thus clearly suggesting that ADSCs may inhibit liver cancer cell growth. It has previously been reported that 2D-ADSCs-CM may inhibit HCC cell (SMMC7721) growth and promote cell death via downregulation of protein kinase B signaling ([@b47-ijmm-41-03-1385]). In addition, MSCs have previously effectively inhibited cell growth and promoted apoptosis of HepG2 cells ([@b48-ijmm-41-03-1385]). In concordance with these previous results, the present study revealed that ADSCs-CM inhibited cell growth of HCC-derived Hcclm3 cells and hepatoblastoma-derived HepG2 cells.

It has been reported that sphere or 3D culture methods may promote the secretion of cytokines and chemo kines from ADSCs ([@b32-ijmm-41-03-1385],[@b33-ijmm-41-03-1385]); consequently, sphere or 3D culture conditions may theoretically enhance the effects of ADSCs on tumor cells. As predicted, the present study demonstrated that sphere or 3D culture methods could enhance the inhibitory effects of ADSCs on liver cancer cell migration, and could accelerate the effects of ADSCs on liver cancer cell apoptosis. Furthermore, more obvious inhibitory effects of ADSCs on liver cancer cell migration could be achieved using the 3D culture method compared with the sphere culture method. Therefore, the present study indicated that the culture methods could alter the effects of ADSCs on liver cancer cell growth, and the 3D culture method may be considered the best candidate to enhance the effects of ADSCs on the inhibition of liver cancer cell growth. It has previously been reported that sphere or 3D culture methods could more closely mimic the ADSCs *in vivo* environment compared with the traditional 2D culture method ([@b49-ijmm-41-03-1385]--[@b51-ijmm-41-03-1385]). Accordingly, the present study confirmed that ADSCs could inhibit liver cancer cell growth; therefore, ADSCs may exert therapeutic effects in the treatment of patients with liver cancer. However, further *in vivo* studies are required prior to its clinical use, and further studies regarding the ADSCs-derived antitumor molecules are required, in order to investigate the underlying antitumor mechanisms.

Numerous studies have demonstrated that ADSCs may repair injured tissues by inhibiting inflammation ([@b24-ijmm-41-03-1385],[@b52-ijmm-41-03-1385]), and may also inhibit transforming growth factor (TGF)-β1 signaling in animal models of experimental peritoneal fibrosis ([@b52-ijmm-41-03-1385]). Notably, inflammatory cytokines, such as TGF-β and epidermal growth factor, may stimulate EMT of tumor cells ([@b53-ijmm-41-03-1385]). Therefore, the present study aimed to determine whether ADSCs could suppress the migration and invasion of liver cancer cells via the inhibition of EMT using RT-qPCR and western blotting. The results indicated that culturing with three types of ADSCs-CM upregulated E-cadherin expression, and downregulated N-cadherin, vimentin and Zeb1 expression, thus suggesting that ADSCs may suppress liver cancer cell migration and invasion via the downregulation of EMT signaling. Therefore, ADSCs may be used to prevent the recurrence and metastasis of liver cancer.

In conclusion, the present study demonstrated that ADSCs may promote liver cancer cell apoptosis, and inhibit liver cancer cell proliferation, motility and adhesion, as well as cell migration and invasion via downregulation of EMT signaling. ADSCs may provide a novel promising therapeutic approach for the treatment of patients with liver cancer. In addition, the 3D culture method could enhance the inhibitory effects of ADSCs on liver cancer cell growth, and may provide a novel approach to explore the association between ADSCs and tumor.
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![ADSCs-CM inhibits liver cancer cell proliferation. Proliferation of (A) Hcclm3 and (B) HepG2 cells after culturing with ADSCs-CM. Control, untreated liver cancer cells; 2D-ADSCs-CM, liver cancer cells treated with 2D-ADSCs-CM; sphere-ADSCs-CM, liver cancer cells treated with sphere-ADSCs-CM; 3D-ADSCs-CM, liver cancer cells treated with 3D-ADSCs-CM. For all groups, n=4. ^\*^P\<0.05 and ^\*\*^P\<0.01. 2D, two-dimensional; 3D, three-dimensional; ADSCs-CM, adipose tissue-derived stem cells-conditioned medium.](IJMM-41-03-1385-g00){#f1-ijmm-41-03-1385}

![ADSCs-CM promotes liver cancer cell apoptosis. Proportion of (A) Hcclm3 and (B) HepG2 apoptotic cells after culturing with ADSCs-CM. Apoptotic rate of (C) Hcclm3 and (D) HepG2 cells after culturing with ADSCs-CM. Control, untreated liver cancer cells; 2D-ADSCs-CM, liver cancer cells treated with 2D-ADSCs-CM; sphere-ADSCs-CM, liver cancer cells treated with sphere-ADSCs-CM; 3D-ADSCs-CM, liver cancer cells treated with 3D-ADSCs-CM. For all groups, n=3. ^\*^P\<0.05 and ^\*\*^P\<0.01. 2D, two-dimensional; 3D, three-dimensional; ADSCs-CM, adipose tissue-derived stem cells-conditioned medium; FITC, fluorescein isothiocyanate.](IJMM-41-03-1385-g01){#f2-ijmm-41-03-1385}

![ADSCs-CM inhibits motility and adhesive capacity of liver cancer cells. Motility of (A) Hcclm3 and (B) HepG2 cells after culturing with ADSCs-CM (×100 magnification; scale bar, 50 *μ*m). Quantification of (C) Hcclm3 and (D) HepG2 cell migration after culturing with ADSCs-CM. (E) Number of adhesive cells after culturing with ADSCs-CM for 60 min (×50 magnification; scale bar, 200 *μ*m). Quantification of (F) Hcclm3 and (G) HepG2 cell adhesion after culturing with ADSCs-CM. Control, untreated liver cancer cells; 2D-ADSCs-CM, liver cancer cells treated with 2D-ADSCs-CM; sphere-ADSCs-CM, liver cancer cells treated with sphere-ADSCs-CM; 3D-ADSCs-CM, liver cancer cells treated with 3D-ADSCs-CM. For all groups, n=3. ^\*^P\<0.05 and ^\*\*^P\<0.01. 2D, two-dimensional; 3D, three-dimensional; ADSCs-CM, adipose tissue-derived stem cells-conditioned medium; OD, optical density.](IJMM-41-03-1385-g02){#f3-ijmm-41-03-1385}

![ADSCs-CM suppresses migration and invasion of liver cancer cells. (A) Migration of liver cancer cells after culturing with ADSCs-CM (×100 magnification; scale bar, 100 *μ*m). Quantification of (B) Hcclm3 and (C) HepG2 cell migration after culturing with ADSCs-CM. (D) Invasion of liver cancer cells was observed after culturing with ADSCs-CM (×100 magnification; scale bar, 100 *μ*m). Quantification of (E) Hcclm3 and (F) HepG2 cell migration after culturing with 3D-ADSCs-CM. Control, untreated liver cancer cells; 2D-ADSCs-CM, liver cancer cells treated with 2D-ADSCs-CM; sphere-ADSCs-CM, liver cancer cells treated with sphere-ADSCs-CM; 3D-ADSCs-CM, liver cancer cells treated with 3D-ADSCs-CM. For all groups, n=3. ^\*^P\<0.05 and ^\*\*^P\<0.01. 2D, two-dimensional; 3D, three-dimensional; ADSCs-CM, adipose tissue-derived stem cells-conditioned medium](IJMM-41-03-1385-g03){#f4-ijmm-41-03-1385}

![ADSCs-CM downregulates the mRNA expression levels of EMT markers in liver cancer cells. mRNA expression levels of (A) E-cadherin, (B) N-cadherin, (C) vimentin and (D) Zeb1 in liver cancer cells after culturing with ADSCs-CM. Control, untreated liver cancer cells; 2D-ADSCs-CM, liver cancer cells treated with 2D-ADSCs-CM; sphere-ADSCs-CM, liver cancer cells treated with sphere-ADSCs-CM; 3D-ADSCs-CM, liver cancer cells treated with 3D-ADSCs-CM. For all groups, n=3. ^\*^P\<0.05 and ^\*\*^P\<0.01. 2D, two-dimensional; 3D, three-dimensional; ADSCs-CM, adipose tissue-derived stem cells-conditioned medium; EMT, epithelial-mesenchymal transition; Zeb1, zinc finger E-box-binding homeobox 1.](IJMM-41-03-1385-g04){#f5-ijmm-41-03-1385}

![ADSCs-CM downregulates the protein expression levels of EMT markers in liver cancer cells. (A) Western blotting of EMT markers in liver cancer cells after culturing with ADSCs-conditioned medium. Semi-quantitative analysis of (B) E-cadherin, (C) N-cadherin, (D) vimentin and (E) Zeb1 expression in liver cancer cells after culturing with ADSCs-CM. Control, untreated liver cancer cells; 2D-ADSCs-CM, liver cancer cells treated with 2D-ADSCs-CM; sphere-ADSCs-CM, liver cancer cells treated with sphere-ADSCs-CM; 3D-ADSCs-CM, liver cancer cells treated with 3D-ADSCs-CM. For all groups, n=3. ^\*^P\<0.05 and ^\*\*^P\<0.01. 2D, two-dimensional; 3D, three-dimensional; ADSCs-CM, adipose tissue-derived stem cells-conditioned medium; EMT, epithelial-mesenchymal transition; Zeb1, zinc finger E-box-binding homeobox 1.](IJMM-41-03-1385-g05){#f6-ijmm-41-03-1385}
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